A new model of transient cerebral ischemia in lO-day-old rats is described, Under microscopic guid ance, the right external and internal carotid arteries were electrically coagulated. A solid 0.47 mm diameter nylon thread was inserted into the right common carotid artery toward the ascending aorta up to 10-12 mm from the up per edge of the sternomastoid muscle (preischemic rats), A 60-min cerebral ischemia was induced by clamping the left external and internal carotid arteries (ischemic rats), followed by 3-h recirculation. 31p magnetic resonance (MRS) spectroscopic studies revealed that severe intra cellular acidosis occurred and A TP disappeared com pletely for at least the last 20 min of ischemia. Cerebral
Hypoxic-ischemic encephalopathy (HIE) is one of the major and important causes of developmental disabilities such as mental retardation and cerebral palsy. It is the ultimate result of hypoxia and isch emia, which lead to metabolic deterioration. Al though, in most cases, hypoxia and ischemia occur simultaneously on asphyxia, ischemia may have a greater biochemical effect on the central nervous system (eNS) . It is known that periventricular Ieu komalacia in the preterm infant is primarily due to an ischemic lesion (DeReuck et aI., 1972; Yoshioka et aI. , 1994) . The pathogenesis of parasagittal cere bral injury, also called' 'watershed infarcts" , in full term infants is principally related to perfusion im pairment in the border zones between the end fields of the major cerebral arteries (Brierley, 1976) . blood flow (CBF), measured by the hydrogen clearance technique, decreased to � 11 % of the preischemic level in the frontal cortex soon after the induction of ischemia. On resuscitation, ATP recovered completely and the preis chemic intracellular pH level was restored within 180 min. CBF had recovered to �30% of the preischemic level at 5 min after resuscitation. The CBF recovery was not complete even at 180 min after resuscitation. With this model, the effects of pure ischemia without hypoxia on t h e neonatal brain and the process of recovery from transient ischemia can be studied. Key Words: Neonatal rat-Transient cerebral ischemia-31P-magnetic reso nance spectroscopy-Cerebral blood flow.
Therefore, it is said that hypoxia alone does not lead to brain damage, but, rather, its combination with ischemia, or isolated cerebral ischemia, is a necessary prerequisite for tissue injury to occur (Vannucci, 1992) .
However, very little is known about the effects of pure ischemia without hypoxia on the perinatal brain since the only experimental method previ ously available for pure cerebral ischemia without hypoxia for the small laboratory animal involved decapitation. Thurston et al. (1969) found that ce rebral ATP in the mature mouse had almost com pletely disappeared at 4 min after decapitation, while that in the neonatal mouse remained at 70% of the control level; thus, they concluded that the neo natal brain has a lower metabolic rate than does the mature one. Such data demonstrate specific aspects of the developing brain and suggest that data ob tained in experiments on cerebral ischemia in ma ture animals cannot be simply extrapolated to im mature ones. In addition, experiments involving de capitation cannot provide information on the process of recovery from cerebral ischemia. There fore, it is indispensable to develop a model of tran sient cerebral ischemia in a neonatal animal for a more complete understanding of the pathogenesis of HIE.
In this article, we report a new model of transient cerebral ischemia in IO-day-old rats with no such complicating features as need for artificial ventila tion, hypotension, or generalized seizures. Using this model, the effects of pure, transient ischemia without hypoxia on brain energy metabolism and CBP were studied by means of 31 P-magnetic reso nance spectroscopy (MRS) and the hydrogen clear ance technique, respectively.
MATERIALS AND METHODS

Animal preparation and operation procedures
Figure 1-(1) illustrates the blood supply to the chest and the base of the brain in rats (Greene, 1955) . The left com mon carotid and left subclavian arteries both arise from the aortic arch. The right common carotid and right sub clavian arteries (the latter supplying the right vertebral artery) both arise from the innominate artery. The circle of Willis is well developed in rats, i.e., both the anterior and posterior communicating arteries are fairly large (Brown, 1966) .
Ten-day-old Wistar rats weighing 23-28 g were used in these experiments. Each rat was anesthetized with i.p. pentobarbital (25 mg/kg). A ventral transverse cervical incision, 20 mm in length, was made 5 mm distal from the sternum, and both common carotid arteries were identi fied. The bilateral omohyoid muscles were removed and the bifurcations of both carotid arteries were separated tC\)\\\ C.\)\\\.\.�\l\)\l� �\.-c\lc.\.\l-c,,� \ �\Wl. \\\-\)\'l,,-c'i\\.t\i -c'i\\.� \. \:\\t right external and internal carotid arteries were electri cally coagulated. A solid 0.47 mm diameter nylon thread was inserted into the right common carotid artery toward the ascending aorta up to 10-12 mm from the upper edge of the right sternomastoid muscle, followed by ligation with a 0.09 mm diameter nylon thread (preischemic rats) ( Fig. 1-(2) ). A 0.09 mm diameter nylon thread was placed loosely around the left carotid artery so that the bifurca tion could be easily identified. All procedures were per formed within 20 min.
Induction of ischemia
We induced ischemia and measured physiological vari ables in rats kept in the vertical position, since, as de scribed below, we used a spectrometer with a vertical superconducting magnet for 31p_MRS measurements and we wanted to obtain physiological data under the same conditions. Eighteen rats were fixed in place on wooden tables and then the tables were set vertically. Their body temperatures were maintained at -37°C by means of a heating pad with circulating warm water. Ninety min after removal from the dams (-50 min after the operation), the bifurcation of the left carotid artery was exposed by pull ing the thread around the artery, and cerebral ischemia was induced by clamping the left external and internal carotid arteries with a small clip weighing 0.04 g ]. Recirculation was started out by removing the clip after 60 min ischemia. Surviving animals were observed for 3 h after recirculation as to whether they exhibited seizures, dyspnea, or pale skin color.
Measurement of physiological variables
Measurement of arterial plood gases, pH, and glucose. Seven sham-operated rats and 14 preischemic rats were used. Their body temperatures were maintained -37"C by means of a heating pad with circulating warm water. Ninety minutes after removal from the dams, in seven sham-operated rats and seven preischemic rats, the left common carotid artery was cut and sam \l les of arterial blood were immediately collected into heparinized capil lary tubes. In the other seven preischemic rats, 60 min cerebral ischemia was induced, and samples of arterial blood from the surviving rats were collected before recir culation. Arterial blood gases and pH were measured with a 178 pH/Blood Gas Analyzer (Corning Medical and Scientific, Medfield, MA, U.S.A.), and glucose concen trations with a Glucoster II/Glucostix (Miles Inc., Elkhart, U.S.A.).
Monitoring of mean arterial blood pressure (MABP) and heart rate. A 0.3-mm diameter, 7-mm long, silicon reinforced glass fiber was fixed at the end of PE-IO tubing (Intramedic). A part of the glass fiber was inserted, under microscopic guidance, into the left femoral artery, with cutdown procedures in five rats to monitor MABP and heart rate before, during, and after ischemia.
Perfusion with India ink
In three sham-operated rats, three preischemic rats and five ischemic rats, the brains were perfused transcar� diaUy with a 1: I mixture of gelatin and India ink [India ink: 12% gelatin (wt/vo!)] at the flow rate of 260 ml/kg/min [cardiac output of an adult rat (Guyton et aI., 1973) ] for 5 min. After confirming that the tips of the tails were fully stained, the brains were removed and the gelatin solidi fied with ice.
Measurement of CBP by the hydrogen clearance technique CBF was measured by the hydrogen clearance tech nique (PHG 201 UH meter, Sanei Ltd., Tokyo, Japan) in 10 sham-operated and 10 preischemic rats. Their body temperatures were maintained -37°C by means of a heat ing pad with circulating warm water. Two 0.2 mm diam eter electrodes were inserted to a depth of 1 mm in the frontal cortex 1 mm rostral and 1 mm lateral from the bregma. It was later ascertained by microscopic exami nation that the tips of the electrodes were located in the frontal cortex. A reference electrode was placed subcu taneously in the back. CBF was calculated by the initial slope technique, using the first 2 min of the washout curve.
p_MRS measurements
The experiments were performed on 25 rats. Each rat was positioned supine on the 31p_MRS probe with its forehead resting on a 10-mm, four-turn surface coil. 31p_ MRS was performed using a SCM-200 spectrometer (JEOL Ltd., Tokyo, Japan) with a 9-cm wide bore verti cal 4.7 Tesla superconducting magnet operating at 80.75 MHz. Field homogeneity was optimized by shimming on the water proton signal from a rat brain until the line width was 23. 4375-39.1563 Hz. With a pulse width of 12 tJ-S and an interpulse delay of 0.8 s, 750 transients were accumulated. The flip angle at the center of the coil was 90°. A phantom study revealed that in our system, the sensitive volume providing a signal extended to a depth of -3 mm (unpublished data). Free induction decays were processed by exponential line broadening at 30 Hz before Fourier transformation.
Raw spectra were used for measurement of the peak areas of PCr, Pi, and �-ATP using an analyzer (MOP/ AM03; Kontron Co., Munchen, Germany) (Lorentzian curve-fitting software is not yet available in our labora tory). pH 1 was calculated from the chemical shift of the Pi peak from the PCr peak using the standard equation:
where u is the chemical shift of the Pi peak (Petroff et aI., 1985) .
The reduction of the resonance intensity due to satura tion (the saturation factor) was determined by obtaining a fully relaxed spectrum (interpulse delay of 20 s) for six rats. The saturation factors of PCr, Pi, and �-ATP were 0.46 ± 0.08, 0.43 ± 0.03, and 0.63 ± 0.13, respectively.
There are three problems in the measurement of 31p_ MRS. Firstly, rats must be in a vertical position, thus the possibility that such an artificial position may affect the cerebral energy metabolism. Secondly, the probe is re moved from the magnet twice: once when ischemia is induced by clamping with a small clip and once when recirculation is started. Such manipulations may affect the shimming and, moreover, the results. Thirdly, inser tion of a nylon thread into the right common carotid ar tery could affect the cerebral energy metabolism. Prelim inary experiments were performed to examine these problems. PCr/Pi, PCr/ATP, and pHj were measured in six sham-operated and four preischemic rats. The PCr/Pi, PCr/ ATP, and pHj values for sham-operated rats were 1.18 ± 0.10, 0.77 ± 0.09, and 7.19 ± 0.04, respectively; those for preischemic rats were 1.26 ± 0.06, 0.82 ± 0.03, and 7.20 ± 0.04, respectively. There were no significant differences between groups with respect to these param eters. Spectra were taken for preischemic rats every 10 min for 250 min, during which time the probe was re moved from the magnet twice. Although these parame-ters fluctuated slightly, repeated analysis of variance (ANOV A) revealed no significant differences in them throughout the experiment. Results therefore indicated that these three problems do not affect energy metabo lism.
Statistical analysis
Arterial blood gases, pH, glucose, and CBF data were analyzed by one-way ANOVA with repeated measures. A paired (-test was performed for the MABP and heart rate data. A paired (-test with Bonferroni correction was used to analyze the 3Ip_MRS data. All data are presented as means ± SD.
RESULTS
Survival rate
Of 18 rats, 13 (72.2%) were alive and five (27.8%) dead by the end of 60-min ischemia. All rats exhib ited transient tachypnea during the first few min utes. Five rats exhibited dyspnea within 20 min, followed by cyanosis and incontinence, and died within 40 min. Regular respiration and good skin color were maintained in the survivors throughout the experiment. No rat exhibited seizures.
Physiological variables
Arterial blood gases, pH, and glucose. Pa02, PaC02, pH, and glucose concentrations for sham operated rats were 85.7 ± 6.8 mmHg, 42.2 ± 6.7 mmHg, and 7.41 ± 0.04, and 159 ± 27 mg/dl, re spectively: those for preischemic rats were 88.4 ± 8.5 mmHg, 45.5 ± 3.1 mmHg, 7.41 ± 0.03, and 156 ± 24 mg/dl, respectively; and those for rats sub jected to 60-min ischemia were 84.6 ± 9.5 mmHg, 47.0 ± 5.9 mmHg, 7.36 ± 0.05, and 165 ± 27 mg/dl, respectively. There were no significant differences in these variables between the three groups.
MABP and heart rate. MABP significantly rose to 42 ± 3 mmHg from the preischemic level of 33 ± 1 mmHg at the beginning of ischemia and remained at that level throughout the ischemic period. On recirculation, MABP recovered to the preischemic level. The heart rate increased significantly to 305 ± 28 beats/min from the preis chemic level of 261 ± 31 beats/min immediately after ischemia and remained at that level even upon recirculation. Figure 2 shows rat brains perfused with India ink. Perfusion of all brain structures was well main tained in preischemic rats as well as in sham operated ones. Although perfusion of the cerebral hemispheres in ischemic rats was markedly de creased, that of the cerebellum and brain stem was preserved, as in preischemic rats. No difference was detected between the two groups on either side. CBF decreased to 7.8 ± 5.7 ml 100 g-I min -I (11.2% of preischemic level) in the right frontal cortex and 8.1 ± 5.4 ml 100 g -1 min -1 (11.3% of preischemic level) in the left frontal cor tex at the beginning of ischemia. In the right frontal cortex, CBF had recovered to 23.5 ± 6.9 ml 100 g-I min -1 (33.7% of preischemic level), 48.7 ± 8.4 ml 100 g-I min -I (69.9% of preischemic level), 54.4 ± 8.8 ml 100 g -1 min -1 (78% of preischemic level), 61.3 ± 12.7 ml l 00 g-I min -I (87.9% of preis chemic level), and 67.4 ± 8.8 ml 100 g-I min-I (96.7% of preischemic level) after 5, 30, 60, 120, and 180 min of recirculation, respectively. In the left frontal cor tex, CBF had recovered to 25.9 ± 7.6 ml 100 g-I min -I (36.1 % of preischemic level), 46.5 ± 6.3 ml 100 g-I min -I (64.8% of preis chemic level), 59.2 ± 9.7 ml 100 g-I min-I (82.5% of preis chemic level), 63.8 ± 11.3 ml l 00 g-I min -I (88.9% of preis chemic level), and 68.7 ± 7.5 ml l 00 g-I min-I (95.7% of preischemic level) after 5, 30, 60, 120, and 180 min recirculation, respectively. Values after 180 min re circulation were not significantly different from those for preischemic rats. There was no significant difference between the two sides of the brain at any time of measurement.
Perfusion with India ink
CBF measurement
p_MRS data
A series of representative 3l P-spectra are shown in Fig. 4 . With the onset of ischemia, PCr decreased faster than did f3-ATP. At the end of ischemia, the spectrum showed the characteristic pattern of isch emia, i.e., the complete disappearance of PCr and f3-ATP, an increase in Pi, and a decrease in pHi'
Of 25 rats, 19 were alive and six dead at the end of ischemia. Data for 17 of the 19 live rats were included in the following analysis; MRS measure ment in two live rats showed little changes in the spectra, i.e., slight decreases in PCr and pHi and no change in ATP. Figure 5 shows the sequential changes in PCr/Pi, %ATP (% of the preischemic level), and pHi' The preischemic PCr/Pi value was 1.71 ± 0.22, which decreased rapidly to 0 after 10-20 min of ischemia. On recirculation, PCr/Pi recov ered almost linearly and reached the control level by 120 min recirculation. %ATP decreased slower than did PCr/Pi, but was 0 during the last 20 min of ischemia. %ATP recovered more rapidly than did PCr/Pi. pHi in preischemic rats was 7.19 ± 0.05, then decreased, reaching a value of 6.61 ± 0.10 at 20 min of ischemia. pHi recovered within 60 min recirculation. 
DISCUSSION
Our model is based on the following two charac teristics of brain circulation in rats. First, the in nominate artery gives rise to both the right common carotid and right subclavian arteries, the latter sup plying the right vertebral artery. Insertion of a ny lon thread into the right common carotid artery to ward the ascending aorta interrupts the blood flow in the right common carotid artery completely and reduces that in the right vertebral artery. Secondly, CBF of the right hemisphere was maintained even when blood flow in the right common carotid artery was interrupted because the circle of Willis is well developed in the rat. This was confirmed by the results of a perfusion study: perfusion of all brain structures was well maintained in preischemic rats as well as in sham-operated ones.
In the survival rate study, 72.2% of the rats were alive and 27.8% dead, and in the 31 p_MRS study, 76% were alive and 24% dead after 60 min of isch emia. A survival rate of >70% is sufficient for a neonatal rat model of transient cerebral ischemia. During 1 h of ischemia and 3 h'of recirculation, none of the surviving tats exhibited such complicating features as seizures, hypoxemia, or systemic hy potension. The perfusion study revealed that CBF in the cerebellum and brain stem was well pre served during ischemia. All of the dead cases had exhibited severe dyspnea within 20 min of ischemia. Pulsinelli and Brierley (1979) described a transient ischemic model in adult rats involving four-vessel occlusion. In their model, blood flow to the brain stem was considered to be maintained by a collat eral via the anterior spinal artery. In our model, blood flow via the left vertebral artery was com pletely preserved, so the reason why there were cases that exhibited dyspnea is unclear. Since there are many variations in the circle of Willis in the rat (Brown, 1966) , the ischemia may have been too se vere for these animals and, therefore, may have caused a dysfunction of the respiratory center in the brain stem. The lack of significant increase in the serum glucose concentration during ischemia indi cates the absence of epinephrine release from the adrenal glands. This implies that in this model, there is little effect on other organs; thus, the model is advantageous for investigating the effects of isch emia on the neonatal brain.
In the 31 p_MRS study, PCr/Pi decreased froIn 1.17 ± 0.22 to 0.18 ± 0.17 at 10 min of ischemia. At this time, the ATP concentration was maintained at 75 ± 31 % of control level. After disappearance of the PCr peak, ATP decreased rapidly to within noise level, at least for the last 20 min during isch-emia in all rats. It has been reported that in com plete ischemia in adult animals, electrical activity of the brain is suppressed (Hossmann and Sato, 1970) and that the first ATP concentration begins to de crease within a few minutes (Lowry et aI., 1964) . In the case of incomplete ischemia, as in this model, there are two critical thresholds of residual CBF: the upper threshold is for electrical failure and the lower one for energy and ion pump failures (Astrup et aI., 1981) . The upper threshold is considered to be 15-20 ml 100 g-I min-I (Heiss, 1983 ) and the lower one, 10 ml 100 g -1 min -1 in adult animals (Astrup et aI., 1977; Branston et aI., 1977) . How ever, a higher flow than that of the lower threshold for a long period may cause energy failure and neu ropathological damage. In this study, ATP began to decrease, at the latest, 40 min after the beginning of ischemia in all rats; thus, energy failure may occur in the neonatal brain with a CBF of 8 ml 100 g -1 min -I for 40 min.
High energy metabolites and pHi were restored during recirculation in all animals. Figure 6 demon strates the recovery processes of pHi' %ATP, and PCr/Pi during recirculation. pHi had recovered to 40% of preis chemic level at 10 min of recirculation and to 91 % at 70 min. ATP recovery was similar to or lagged behind pHi recovery. PCr/Pi recovery took much time. On the other hand, recent experi ments on adult animals indicated that the pHi re covery lagged behind ATP recovery (Nishijima et aI., 1989; Behar et aI., 1989; Eleff et aI., 1991) . This phenomenon could be explained by persistent lactic acidosis during an early stage of recirculation (Be har et aI., 1989) . Permeability of the blood-brain barrier to lactate in 15-day-old rats is at least six times greater than that in adult animals (Cremer et aI., 1976) . The rapid recovery in the present model may be related to accelerated lactate washout in an early stage of recirculation.
The rate of recovery of CBF was very slow; CBF had recovered to -70% of the preischemic level at 30 min of recirculation and to >90% at 180 min, despite adequate perfusion pressure. Although the mechanism underlying the delayed recovery of CBF remains unclear, the recirculation period is im portant because such perfusion impairment in the recirculation period may cause secondary damage to brain tissue. The fact that prolonged hypoperfu sion is seen in transient ischemia of the immature brain is critical information for the development of therapeutic approaches to ischemic brain damage.
